Two modes of evolution of repeated domains in proteins have been described: (1) a conservative mode, whereby individual domains are conserved across gene duplication and speciation events, and (2) a concerted mode, whereby repeat domains become homogenized within a gene, presumably by intragenic partial duplication and/or gene conversion. The evolution of repeated EGF-like and fibronection-type-III-like (Fn-III) domains in the vertebrate extracellular matrix proteins tenascin-X (TNX) and tenascin-C (TNC) was studied by comparisons between human and mouse orthologs and between the paralogous TNC and TNX genes. The EGF-like repeats have largely been homogenized within each gene by concerted evolution since the duplication of the two genes but have been conserved since the divergence of rodents and primates. The Fn-III domains of TNC have likewise mainly evolved in a conservative fashion since the divergence of rodents and primates. In contrast, the Fn-III repeats of TNX fall into three distinct categories with regard to mode of evolution: (1) The three C-terminal repeats have been conserved since before duplication of the TNX and TNC genes. (2) Certain other repeats have been homogenized within each gene since gene duplication but have been conserved since the divergence of rodents and primates. (3) Still other repeats have evolved in a concerted fashion in rodent and primate lineages since their divergence. Remarkably, certain introns adjacent to the exons encoding these concertedly evolving Fn-III repeats have themselves evolved in a concerted fashion. This is the first known example of concerted evolution of repeated introns within a proteincoding gene.
Introduction
Analysis of amino acid sequences has revealed that numerous proteins of eukaryotes contain internally repeated subunits (Doolittle 1995) . Comparison of such sequences has identified two modes of evolution of such amino acid repeats: (1) a conservative mode, whereby duplication of repeats has preceded cladogenesis and thus the same repeat structure is maintained within different lineages, and (2) a concerted mode, whereby repeats are homogenized within lineages by independent duplication after cladogenesis (Thomas et al. 1997; Thomas 1998; Hughes 1999a ). An example of conservative evolution is provided by the five repeated ''kringle'' domains found in all known vertebrate plasminogens. Phylogenetic analysis shows that these five domains originated by intragenic duplications early in vertebrate history and that they have subsequently been conserved in different vertebrate lineages (unpublished data). An example of concerted evolution is provided by apoplipoprotein(a), which is closely related to plasminogen (McClean et al. 1987) . Of 38 kringle domains in the completely sequenced human apolipoprotein(a) allele, kringles 1-30 duplicated after the divergence of the human and Old World monkey lineages (Hughes 1999a) . The possible mechanisms involved in such concerted evolution include unequal crossing over, intragenic gene conversion (presumably by heteroduplex formation and correction), and, in some cases, slippedstrand mispairing or other slippage-like processes (Hancock 1995; Li 1997) .
Tenascins are large glycoproteins that occur in extracellular matrices of vertebrates as disulfide-linked hexamers (Ayad et al. 1994; Erickson and Bourdon 1989) . In mammals, there are three distinct tenascin genes encoding the three proteins tenascin-C (TNC), tenascin-R (TNR), and tenascin-X (TNX) (Erickson 1993) . The primary structure of tenascins is characterized by epidermal growth factor (EGF)-like repeats, fibronectin type-III (Fn-III) repeats, and a C-terminal region homologous to the ␤ and ␥ chains of fibrinogen (Ayad et al. 1994) . TNX and TNC form one of three or four pairs of genes with paralogs on human chromosomes 6 and 9 which seem to have been duplicated, perhaps simultaneously, around 600 MYA (Hughes 1998; Katsanis, Fitzgibbon, and Fisher 1996) . Some of these genes on human chromosome 9 were duplicated shortly thereafter, giving rise to a group of genes now on human chromosome 1, including the TNR gene (Hughes 1998; Katsanis, Fitzgibbon, and Fisher 1996) . The human major histocompatibility complex (MHC) is located on chromosome 6, and the TNX gene is located in the class III MHC region (Bristow et al. 1993) . The mouse TNX gene is also located in the MHC class III region (on chromosome 17) (Katsanis, Fitzgibbon, and Fisher 1996) , indicating that the linkage of TNX and MHC has been maintained at least since the last common ancestor of humans and mice. This paper presents a comparative analysis of repeated protein domains in TNX and TNC. These molecules represent ideal subjects for such a study, because it is possible to make both orthologous comparisons between humans and mice and paralogous comparisons between TNX and TNC. In addition, two types of repeats, EGF and Fn-III, are available for analysis. Finally, the availability of genomic sequences for human and mouse TNX genes makes it possible to study the relationship between the evolution of protein repeats and exon-intron structure. 
Materials and Methods

Sequences Analyzed
A phylogenetic analysis of tenascins and related molecules was constructed on the basis of the C-terminal domain homologous to fibrinogen ␤ and ␥ chains. The following tenascin sequences were used (GenBank accession numbers in parentheses): zebrafish (Danio rerio) TNC (X89203) and TN-W (AJ00423); chicken (Gallus gallus) TNC (M23121), TN-R (X64649), and TN-Y (U89337); human (Homo sapiens) TNC (X56160), TN-R (X98085), and TNX (U89337); bovine (Bos taurus) TNX; pig (Sus scrofa) TNC; mouse (Mus musculus) TNC (D90343) and TNX (AF030901); and rat (Rattus norvegicus) TN-R (Z18630). The tree was rooted with fibrinogen ␤ and ␥ chains from humans (J00129, M10014) and rats (U05675, X05860, X05861). The genomic structure of human and mouse TNX genes is outlined in table 1. In order to facilitate comparison between the two species, exons and introns were numbered following the human gene; there are some differences among species due to absence in the mouse of three exons (exons 7, 20, and 22) present in the human gene and presence of an additional exon (exon 11B) in the mouse (table 1) .
In this paper, for purposes of analysis, Fn-III repeats were defined operationally by the presence of three 1560 Hughes FIG. 1.-Aligned sequences of the Fn1 repeat of human and mouse TNX. Arrows (↓) indicate conserved residues, the presence of which was used to provide an operational definition of Fn-III repeats. An asterisk indicates a residue conserved in both sequences, and a dot indicates a position at which chemically similar residues occur in both sequences.
conserved residues (W, L, and T) ( fig. 1 ). In both human and mouse TNX, most Fn-III repeats were found in a cluster of tandemly repeated units. These repeats (Fn1-Fn28) were numbered corresponding to the human molecule (table 1) . Immediately N-terminal to Fn1, there are a number of domains which show evidence of homology to Fn-III repeats but lack one or more of the diagnostic conserved residues (Ikuta et al. 1998) . The are four such domains in human TNX and three in mouse TNX (encoded by exons 6-9 and designated ''Fn-like'' in table 1). Immediately N-terminal to these degenerate Fn-like domains in both humans and mice are two additional Fn-III domains. I designate these Fn0 and Fn0Ј to indicate that they fall outside the main cluster of tandemly repeated Fn-III domains (table 1) .
Partial duplication of 3Ј portions of the TNX gene has occurred in both humans and mice (GenBank accession numbers L26263 and AB015623). In each case, the duplicated pseudogene is highly similar to the parent gene (data not shown); this implies that these gene duplications have occurred independently in human and mouse lineages and that they have occurred very recently. Since these pseudogenes closely resemble the parent genes, and since the duplicated region did not involve any of the domains implicated in concerted evolution of the TNX genes (see below), these pseudogenes were not included in the analyses reported here.
Statistical Methods
Sequences were aligned using the CLUSTAL V program (Higgins, Bleasby, and Fuchs 1992) . EGF and Fn-III repeats were aligned with one another at the amino acid level both within and between TNX and TNC molecules. (All alignments are available on request.) In computing any pairwise distance among a set of sequences, any site at which the alignment postulated a gap for one of the sequences was eliminated from all comparisons, so that a comparable data set was used in each case. Because the numbers of sites compared were small, phylogenetic trees were based on uncorrected proportions of amino acid or nucleotide difference. Phylogenetic trees were reconstructed by the neighbor-joining (NJ) method (Saitou and Nei 1987) . The reliability of clustering patterns in phylogenetic trees was tested by bootstrapping, which involves repeated sampling (with replacement) from the data (Felsenstein 1985) ; 1,000 bootstrap samples were used in each case. In comparisons among closely related introns and exons, the number of nucleotide substitutions per site (d) was estimated by Jukes and Cantor's (1969) method, and the number of synonymous substitutions per site (d S ) and the number of nonsynonymous substitutions per site (d N ) were estimated by Nei and Gojobori's (1986) method.
Results
Fibrinogen ␤-␥ Domains Figure 2 shows the phylogenetic tree of fibrinogen ␤-and ␥-like domains of tenascins. The tree indicated that mammalian TNC and TNR are more closely related to each other than either is to TNX, and the internal branch supporting this clustering pattern received significant (98%) bootstrap support ( fig. 2 ). This topology is consistent with previous phylogenetic trees based on other portions of the molecule and/or different methods (Katsanis, Fitzgibbon, and Fisher 1996; Endo et al. 1997; Hughes 1998) . The chicken TNY clustered with mammalian TNX, to which it is probably orthologous. The zebrafish TNW clustered outside all the other tenascins; however, the branch supporting this clustering received only weak (53%) bootstrap support ( fig. 2 ).
Amino Acid Repeats
In the phylogenetic tree of EGF domains from TNX and TNC, corresponding domains of humans and mice consistently clustered together ( fig. 3 ). This pattern indicates that these domains have not evolved in a concerted fashion since the divergence of primate and rodent lineages. The evidence was less clear regarding concerted evolution of EGF domains since the duplication of TNX and TNC genes. Largely, TNX repeats clustered together apart from TNC repeats, except that the first repeat (EGF1) of human and mouse TNX clustered with EGF2 of TNC, EGF14 of TNX clustered with EGF3 of TNC, and EGF17 of TNX clustered with EGF6 of TNC ( fig. 3) . However, none of the deep branches in the tree received strong bootstrap support ( fig. 3 ), presumably because the number of amino acids examined was small.
In the phylogenetic tree of Fn-III repeats, most TNX repeats (Fn1-Fn24) from both humans and mice clustered together, and this cluster received significant (97%) bootstrap support ( fig. 4) . However, TNX repeats Fn0, Fn0Ј, and Fn25-Fn28 from both species clustered among the TNC repeats ( fig. 4) ( fig. 4) . This pattern suggests that these two repeats have been conserved since before the duplication of the TNX and TNC genes.
In contrast, the phylogeny suggests that repeats Fn1-Fn24 of TNX evolved in a concerted fashion after the duplication of the TNX and TNC genes. Within the cluster of TNX repeats Fn1-Fn24, there were two large clusters, marked A and B in figure 4 , each consisting of a subcluster of human repeats and a subcluster of mouse repeats. Both cluster A and cluster B received significant bootstrap support (97% and 100%, respectively) ( fig. 4) . The mouse subcluster within each of these clusters also received significant bootstrap support (fig. 4) . The simplest interpretation of this pattern is that A and B represent distinct repeat types present in the common ancestor of rodents and primates, which have subsequently duplicated independently in each lineage ( fig. 5) . Thus, these repeats of TNX have evolved in a concerted fashion in both human and mouse lineages since those lineages diverged. Figure 5 shows the pattern of repeats in human and mouse TNX genes corresponding to clusters A and B (repeat types A and B). In each species, repeats Fn15-Fn20 (exons 24-29 according to the numbering of table 1) seem to have evolved by tandem duplication of a tworepeat unit, consisting of one type B repeat and one type A repeat. Human repeat Fn11 (exon 20) evidently corresponds to a duplication of a type B repeat that occurred in humans but not in mice, since mice lack a corresponding exon ( fig. 5 and table 1) . Similarly, human repeat Fn13 (exon 22) corresponds to a duplication of a type A repeat that occurred in humans but not in mice ( fig. 5 and table 1 ). On the other hand, mouse repeat 2B (exon 11B) is a mouse type A repeat without a human parallel ( fig. 5 and table 1 ).
TNX repeats other than those in clusters A and B typically showed a pattern whereby corresponding human and mouse repeats clustered together ( fig. 4) , thereby suggesting that these repeats have not evolved in a concerted fashion since the divergence of primates and rodents. Similarly, in the case of TNC repeats, corresponding human and mouse repeats clustered together ( fig. 4) , suggesting that these repeats also have not generally evolved in a concerted fashion since the primaterodent ancestor. There is one notable exception to this trend in the case of TNC repeats. This exception involves human TNC repeats 6 and 9, which clustered together in the phylogenetic tree ( fig. 4) . The phylogenetic tree thus supports the hypothesis that these units have duplicated within the human lineage since its divergence from the mouse lineage; the similarity of these repeat units in the human TNC gene was previously noted by Gulcher et al. (1990) .
The difference between Fn-III repeats of TNX and those of TNC is strikingly illustrated by plots of the frequency distributions of the proportion of amino acid difference (p) in all pairwise comparisons ( fig. 6 ). The frequency distribution for human TNX is trimodal ( fig.  6A ). There is a peak around a mean p value of 0.1 ( fig.  6A ), which corresponds to comparisons within type A and type B repeats that have duplicated recently (since the primate-rodent divergence). The second peak, around a mean p of about 0.4 ( fig. 6A ), evidently corresponds to comparisons among repeats that were duplicated since the duplication of the TNX gene but before the primate-rodent divergence; that is, comparisons among repeats Fn1-Fn24 other than comparisons within clusters A and B. Finally, there is a peak around a mean p of about 0.75, which evidently corresponds to ancient repeats that duplicated prior to the duplication of the FIG. 3.-Phylogenetic tree of EGF domains of human tenascin-X (HX-), mouse tenascin X (MX-), human tenascin-C (HC-), and mouse tenascin C (MC-). The tree is based on the proportion of difference (p) in 31 aligned amino acid residues. The numbers on the branches are percentages of 1,000 bootstrap samples supporting the branch; only values Ͼ50% are shown.
TNX and TNC genes; that is, comparisons among repeats Fn0, Fn0Ј, and Fn25-Fn28 and between these ancient repeats and repeats Fn1-Fn24. The mouse TNX repeats show a similar trimodal distribution ( fig. 6B ), presumably as a result of the same type of evolutionary history.
In contrast, human ( fig. 6C ) and mouse ( fig. 6D ) TNC Fn-III repeats showed a nearly unimodal frequency distribution of p, with the mean being around 0.75 in each case. This mean is around that of the ancient TNX. Thus, most TNC repeats in both species have not evolved in a concerted fashion since the duplication of TNX and TNC genes. The human distribution shows a longer left ''tail'' than does the mouse distribution, presumably because of a few recent repeat duplications of these repeats in humans; for example, TNC repeats 6 and 9, as mentioned previously.
TNX Introns
As mentioned previously, human and mouse TNX genes differ with respect to numbers of exons (table 1) . Human exons 20 and 22 do not correspond to exons in the mouse, presumably because these exons duplicated independently in the human lineage after divergence of humans and mice and no corresponding duplication took place in mice ( fig. 5) . Likewise, mouse exon 11B evidently represents an independent duplication in mice without any corresponding duplication in humans ( fig.  5 ). On the other hand, human exon 6 represents a case in which expression of the corresponding exon was evidently lost in the mouse due to mutations in its consensus splice sites. The region of the mouse gene corresponding to this exon contains a sequence showing evidence of homology to human exon 6 ( fig. 7) . However, the splice sites have mutated such that this region is no longer recognized as an exon. Also, five nucleotides have been deleted from this region of the mouse gene, thereby destroying the reading frame ( fig. 7) .
Comparison of introns in TNX genes revealed that five of the human introns (introns 18, 21, 24, 26, and 28) are homologous to each other and to four of the introns of the mouse TNX gene (introns 11B, 18, 26, and 28) (table 1) . Each of these introns is immediately preceded (in the 5Ј direction) by an exon which has been involved in concerted evolution (figs. 4 and 5). All of these exons are of repeat type B (as defined in fig. 4 ), except mouse intron 11B. Thus, one hypothesis to explain the occurrence of these homologous introns within the same gene might be that these introns duplicated along with the exons preceding them and that the exonintron unit was the unit of concerted evolution. However, this hypothesis was not supported by phylogenetic analyses of introns and exons ( fig. 8) . The phylogeny of the introns ( fig. 8A ) does not correspond to the phylogeny of the exons preceding them (in the 5Ј direction) ( fig. 8B ). An alternative hypothesis is that each intron has been duplicated as a unit with the exon following it (in the 3Ј direction). However, this hypothesis also does not seem to be supported, since the intron phylogeny ( fig. 8A ) does not correspond closely with that of the exons following them ( fig. 8C ). Thus, one possibility is that some introns have been duplicated along with the preceding exons while others have been duplicated with the following exons. However, even this hypothesis does not adequately account for the data. For example, mouse introns 18 and 28 are very similar and cluster together in the phylogeny of introns ( fig. 8A) . If either the preceding or the following exons were duplicated at the same time, d S between the exons should be about the same as d between introns, since introns evolve at very close to the same rate as synonymous sites in exons of the same genes (Hughes 1999b) . In fact, d between introns 18 and 28 (0.025 Ϯ 0.008) is significantly lower than both d S between exons 18 and 28 (0.242 Ϯ 0.063) and d S between exons 19 and 29 (0.152 Ϯ 0.048) (P Ͻ 0.001 in each case). This result is evidence that these two introns have been homogenized by recombination more recently than have either the preceding or the following exons. Figure 9A illustrates the distribution of d S values between humans and mice in homologous TNX exons not involved in concerted evolution (''orthologous exons''). When mean d S was computed between humans and mice for the concertedly evolving exons in groups A and B, the mean values fell within the range of values for orthologous exons but toward the low end of the distribution ( fig. 9A ). Figure 9B illustrates the distribution of d between humans and mice in orthologous introns; only introns which could be aligned between the two species were included. The mean d for the concertedly evolving introns fell within the range of values, but toward the high end of the distribution. 
Discussion
The results of this study show that the repeated domains of mammalian TNX and TNC have evolved according to three different patterns: (1) Certain Fn-III repeats (TNX Fn26 and Fn28, TNC Fn13 and Fn15) have evolved in a highly conservative fashion, having evidently been conserved since the common ancestor of TNX and TNC (fig. 4) . Such a highly conservative mode of evolution may also have occurred in the case of some EGF repeats ( fig. 3) . (2) of pairwise proportions of difference among TNX repeats ( fig. 6A and B) .
Knowledge of the genomic structure of human and mouse TNX genes makes it possible to test how the locations of introns affect the evolution of repeated protein domains. The TNX Fn-III domains that have evolved in a highly conservative fashion share a unique feature: each is encoded by two separate exons, rather than by a single exon, as is the case for all other Fn-III repeats (table 1). It seems plausible that interruption of a domain by an intron might decrease the likelihood of concerted evolution, since both exons and the intron would have to be duplicated in order to duplicate the domain. Presumably, such a tandem duplication of adjacent exons might be a somewhat rarer event than duplication of a single exon. Nonetheless, such a tandem duplication would not seem to be impossible, and it seems unlikely that the placement of introns is the only factor accounting for the lack of concerted evolution in these Fn-III repeats over the approximately 600 Myr (Hughes 1998) since the duplication of TNX and TNC genes. Rather, it seems likely that conservation of these repeats may have been favored for functional reasons. TNX mRNAs can differ greatly in the numbers of Fn-III repeat domains present because of alternative splicing, but the three Cterminal domains are present in all known mRNAs (Erickson and Bourdon 1989) . This suggests that these repeats may have some important functional role.
In the TNX gene, the EGF repeats differ from the Fn-III repeats in that all of the latter are encoded within a single uninterrupted exon (exon 2). It might be expected that this arrangement would be less prone to concerted evolution than one in which each repeat is encoded by a single exon. However, some concerted evolution is evidently possible even for repeats encoded within a single exon, since the EGF repeats of TNX and TNC have evolved in a concerted fashion since the duplication of the two genes. Presumably, relatively short repeats encoded within a single exon might be duplicated by slippage-like mechanisms (Hancock 1995) , which probably could not act on repeats encoded in separate exons.
The Fn-III repeats of TNX have the unique feature that not only exons but certain introns are subject to concerted evolution. This is evidently the first known case of homology of different introns within the same gene, as well as the first example of concerted evolution of introns within a gene. The family of introns involved in concerted evolution are all characterized by the following traits: (1) they are of relatively uniform length (table 1) were compared, and orthologous introns 2, 5, 17, 30, 32, and 34-44 (table 1) were compared. The concertedly evolving exons of types A and B were as in figure 4 ; the concertedly evolving introns were as in figure  8A .
(about 400 bp); (2) they are all both preceded (in the 5Ј direction) and followed (in the 3Ј direction) by exons encoding Fn-III repeats; and (3) none of them includes any repeated elements such as Alu or B1 (table 1). It is possible that the ancestral introns in the Fn-III repeat region of the TNX gene were all of this type. Insertion into a given intron of a repeated element such as an Alu may serve to prevent further concerted evolution by destroying homology of that intron to other introns in the region and thereby preventing recombination between it and other introns. Similarly, deletion of a large number of bases from an intron may prevent further concerted evolution, because it also destroys homology with other introns. Interestingly, in the central region of the TNX genes of both mice and humans, all introns from 11B to 29 either are members of the family involved in concerted evolution, contain inserted elements, or are very short.
It has previously been speculated that conservation of certain introns between human and mouse TNX genes may indicate that these introns play important roles, perhaps in alternative splicing (Ikuta et al. 1998 ). The concertedly evolving introns are not particularly highly conserved between these two species ( fig. 9B ). However, it seems possible that the occurrence of homologous introns within the same gene may have a role in alternative splicing as well.
The fact that TNX genes, but not TNC genes, of humans and mice have undergone recent concerted evolution may be significant in light of the fact that the former are linked to the major histocompatibility complex (MHC). The class I region of the MHC in mammals is known to have evolved rapidly, with repeated duplication and deletion of loci; for this reason, class I MHC genes of mammals of different orders do not show orthologous relationships (Hughes and Nei 1989a) . Even within orders of mammals, there are relatively few orthologous relationships between loci of species that diverged Ͼ40 MYA, such as rats and mice (Hughes 1991) or New World and Old World primates (Watkins et al. 1990; Cadavid et al. 1997) . However, the class II region has been much more stable over evolutionary time, and orthologous relationships are found among mammals of different orders (Hughes and Nei 1990) . The TNX gene is in the class III region in humans and mice, approximately equidistant from class I and class II. There is substantial evidence that natural selection driven by parasites maintains balanced polymorphisms at both class I and class II MHC loci (Hughes and Nei 1988, 1989b; Hughes and Yeager 1998) . This balancing selection is evidently maintained by exposure of the host to multiple, antigenically distinct parasites (Hughes and Nei 1988) . It seems likely that during the history of the MHC, occasional episodes of directional selection may occur, leading to fixation of an allele or haplotype that confers resistance to a particularly virulent parasite, perhaps as a result of a mutation at a recently duplicated class I locus. Such an event of selective fixation might cause hitchhiking of linked variants, including new forms of the TNX gene generated by unequal crossing over between exons or intragenic gene conversion.
